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A refractory metal thermocouple research program, directed towards establishing the parameters 
that are necessary to achieve reliable, long term, high temperature thermocouple performance, is 
outlined. A description of special apparatus for exposing bare-wire thermoelements to high temper- 
atures in vacuum and in high purity gaseous environments is given, and the design and performance 
of an ultra-high-vacuum, high-temperature furnace system are described. Bare-wire W-3 percent Re 
and W-25 percent Re thermoelements were exposed at 2400 K in argon, hydrogen or vacuum, and 
experienced a shift in their emf-temperature relationship upon initial exposure. After the initial 
shift, the thermoelements exposed in the gaseous environments experienced no significant further 
change in their emf-temperature relationship for periods up to 1000 hours. The thermoelements 
exposed in vacuum continually drifted in their emf-temperature relationship as a result of the 
preferential loss of Re by evaporation. 
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1. Introduction 

The temperature measuring systems required in the 
technology of nuclear power systems and energy conver- 
sion devices have resulted in increased demands on the 
capabilities of high temperature thermocouple sensors. 
In particular, the design and development of propulsion 
and space power systems are requiring reliable thermo- 
couple sensor operation at temperatures between 1800 and 
2400 K for thousands of hours. Almost without excep- 
tion, ceramic insulated, metal sheathed, W-Re thermo- 
couple type sensors of various designs are employed in 
these applications. 

However, for commercial thermocouple sensors cur- 
rently available, the experience has been that thermocouple 
reliability for extended periods is generally unpredictable, 
even in relatively low temperature, non-nuclear environ- 
ments [1,2,3 J. 1 For example, Sandefur et al. [1] report 
that W-Re type thermocouple sensors used in irradiation 
capsules sometimes lasted throughout the irradiation, 
whereas at other times, under exactly the same conditions, 
supposedly identical sensors failed at the beginning of 
irradiation. 

It is reasonable to expect that the performance and relia- 
bility of thermocouple sensors could be improved by 
exercising more care in their design and construction. 
Some substantial improvements might be realized through 
more careful selection, processing, and handling of ma- 
terials, inasmuch as previous studies [4,5] have already 
shown that small amounts of impurities may greatly influ- 
ence the performance of W-Re type thermocouples. Ther- 
modynamic consideration of the chemical stability of 
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materials commonly used in configuring high temperature 
thermocouple sensors indicate that if gaseous reaction 
products are confined and materials are pure, little chem- 
ical reaction will take place [4]. Thus, reasonable ther- 
moelectric stability should occur in non-nuclear environ- 
ments if the thermocouple materials are sufficiently pure 
and the thermocouple sheath maintains the necessary in- 
tegrity. Furthermore, some of the failures in presently 
available sensors are of a mechanical nature, and often 
occur during the first few hours of use. These failures 
result from such effects as gas leakage at thermocouple 
sheath seals, cracked sheaths, and breakage of the thermo- 
couple hot junction upon initial heating. With improved 
fabrication techniques, it should be possible to reduce the 
failure rate from this cause. 

Accordingly, a new refractory metal thermocouple re- 
search program was initiated at the National Bureau of 
Standards and is directed towards establishing those pa- 
rameters that are necessary to achieve reliable, long term 
thermocouple sensor performance. An investigation with 
carefully processed and well characterized materials in 
controlled environments has been undertaken to accom- 
plish this objective. 

For this program the sensor materials have been limited 
to W-Re alloy thermoelements, high purity sintered 
beryllium oxide (BeO) insulators, and Ta or W-Re alloy 
sheaths. The studies have been confined to thermoele- 
ments of 0.25 mm diam or less and sheaths with 1.6 mm 
o.d. or less. The experimental approach has been to study 
first the performance of each component of the sensor 
separately, then in a two component interaction, and 
finally as a complete assembly. Thus, extensive studies 
were first performed to investigate the behavior of bare- 
wire (noninsulated) thermoelements in various gaseous 
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environments and in vacuum. Studies were then begun 
with BeO-insulated thermoelements in these same environ- 
ments. Yet to be performed are sheath evaluation, BeO- 
sheath interaction studies, and finally, evaluation of the 
performance of completely assembled thermocouple sen- 
sors. The temperature range of interest has been 2000 to 
2400 K, although bare wire studies have been extended to 
as high as 3000 K. This paper describes the experimental 
techniques and apparatus being used in the program, and 
presents a few of the preliminary results that have been 
obtained. 

2. Test Apparatus and Procedures 

2.1. Studies of Bare-Wire Thermoelements 

A typical apparatus for exposing bare-wire thermoele- 
ments at high temperatures in a gaseous environment or 
in vacuum is illustrated in figure 1. Four units of similar 
design are used for this purpose. The unit illustrated con- 
sists of a double-wall, water-cooled stainless steel chamber, 



FEEDTHROUGHS 



W-RE LEAD WIRE 




DOUBLE WALL 



VIEW PORT 



ROUGHING VALVE 



COOLING WATER-^ = 



ION PUMP 



-25cm- 



H 



Figure 1. Test chamber for thermal exposure of bare-wire 
thermoelements. 

The 1 cm all-metal valve, gas manifold and ionization gage are not shown. 

25 cm in diameter by 65 cm high. Several ports are pro- 
vided, equipped with standard ultra-high-vacuum-type 
flanges that seal with copper gaskets. At the top of the 
chamber, a special 30 cm diam water-cooled flange, 
equipped with a 15 cm diam access port, is sealed with a 
gold O-ring to a mating flange on the chamber. From 
12 to 16 metal-to-ceramic sealed electrical feedthroughs 
are provided on the water-cooled flange installed on the 
access port. Mounted on 3.8 cm diam ports around the 



lower portion of the chamber are a 2.5 cm bakeable all- 
metal valve for roughing of the system, a Bayard-Alpert 
type ionization gage, and a 1 cm bakeable all-metal valve 
that is connected to a 1 cm diam stainless steel gas mani- 
fold. A Corning 2 type 7056 glass window is provided on 
the centrally located 3.8 cm diam port. Connected to the 
chamber by a 15 cm diam port is a 200 liter/s ion pump. 

To create the desired test environments, the chamber is 
first evacuated to a pressure in the 10 ~ 3 torr 3 range with 
molecular sieve sorption pumps. Then, with ion pumping, 
pressures of 5 X 10~ 9 torr and lower are achieved within 
24 h, following a mild bakeout of the chamber and ion 
pump at about 400 K. Static gas environments are ob- 
tained by backfilling the evacuated test chamber to about 
1 atm pressure from a cylinder of high purity compressed 
gas through the stainless steel gas manifold. A stainless 
steel gas transfer regulator and a stainless steel Bourdon 
tube gage are included in the manifold to facilitate gas 
pressure regulation. For tests in vacuum, the pressure is 
maintained at less than 1 X 10 -8 torr with the thermoele- 
ments at test temperature. 

The test thermoelements, which are usually 90 to 100 
cm in length, are hung vertically within the chamber from 
the electrodes, as shown in figure 1. They are welded to 
a short length of 0.5 mm diameter lead wire of nominally 
the same alloy, and the lead wire is then clamped between 
copper washers on the electrode. The thermoelements 
are cleaned with ether and during the mounting operation 
are handled using polyethylene gloves. As many as six 
thermoelements are mounted in the chamber and tested 
at the same time. During high temperature exposure tests, 
the thermoelements are heated electrically with alternating 
current (60 hertz). The current to each thermoelement 
is adjusted separately by manual regulation of a solid-state 
A-C current controller. The temperature of each thermo- 
element is determined and monitored during the exposure 
with a calibrated 4 visual optical pyrometer. Corrections 
are applied to account for the spectral transmittance of 
the glass window on the chamber and the spectral emit- 
tance of the thermoelements. 

After exposure for specified periods of time, the test 
thermoelements are removed from the chamber and mea- 
surements are made of their thermal emf versus an un- 
healed "as received" thermoelement from the same spool 
(lot) of wire. Measurements are typically made at 200 K 
intervals from 673 to 2073 K by heating the samples in 
argon in a high temperature resistance heated furnace [6] . 
For these tests, the temperature is determined with a W-3 
percent Re versus W— 25 percent Re thermocouple, with an 
estimated uncertainty in the temperature measurement of 
not more than ± 0.5 percent. In all tests the temperature 
of the reference junctions is maintained at 273.15 K in an 
ice bath, and the values of thermal emf are measured with 
a precision potentiometer having a resolution of 0.1 /xV 
and a limit of error of not more than ± (0.015 percent of 
reading -f~ 0.5 /xV) . 

This procedure yields the relative changes in the thermal 
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3 One torr = 133.322 newtons per square meter. 

4 Calibration performed by Radiation Thermometry Section at NBS. See NBS 
Monograph 41 for calibration procedure. 
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Figure 2. Coldwall assembly and hot-zone of ultra-high-vacuum, high-temperature furnace. 

The copper tubing for water cooling of the coldwall is not shown. 



emf-temperature relationship of the thermoelements 5 due 
to exposure. The error in the measurement of the relative 
changes by this procedure results primarily from: (a) 
the thermoelectric nonuniformity of the particular spool 
(lot) of wire; (b) the uncertainty in the measurement of 
the temperature; and (c) changes in the unheated "as 
received" thermoelement (and perhaps also the test ther- 
moelement) that occur during the measurement of the 
emf-temperature relationship. In most cases, the contri- 
bution of (b) 6 and (c) to the overall uncertainty in the 
measurement can be shown to be small in comparison to 
the contribution of (a). The contribution of (a) was esti- 
mated from checks on the thermoelectric uniformity of 
each spool of wire. Based upon these checks and a 
reasonable estimate for the contribution of (b) and (c), 
the maximum uncertainty in the measurement of the rela- 
tive change in the thermal emf of the test thermoelements 
is estimated to be ± 20 /*V at 1273 K, and ± 30 /xV at 
2073 K. However, for the thermoelements exposed at 
2400 K and above in vacuum, the contribution of (b) is 
more significant. This occurs not because of a larger 
uncertainty in the meaurement of the temperature (it re- 
mains about the same), but rather because the thermo- 
electric power of the test thermoelement versus the un- 
heated "as received" thermoelement is often substantially 
larger. In these cases, the maximum uncertainty in the 
measurements is then estimated to be ± 30 /xV at 1273 K, 
and ± 50 fiV at 2073 K. 

The change in the thermal emf-temperature relation- 
ship of a composite thermocouple in which both thermo- 
elements have been exposed in the above manner may be 
obtained by combining the changes measured for the 
separately exposed thermoelements. It is convenient to 
express the change in thermal emf of the thermoelements 



and thermocouples at a given temperature in terms of an 
equivalent temperature change (AT 7 ). We shall use the 
following convention in this paper: For the thermocouple, 
AT is obtained by dividing the change in the thermal emf 
of the thermocouple at a given temperature by the thermo- 
electric power (dE/dT) of the thermocouple at the same 
temperature; AT for the separate thermoelements is ob- 
tained similarly, except that for the W-25 percent Re 
thermoelement (negative element of thermocouple), a 
negative value for the thermoelectric power of the thermo- 
couple is used, so that a positive change in emf results in a 
negative AT 7 . In this manner, changes occurring in the 
separate thermoelements are expressed in terms of their 
effect upon the thermocouple, and the algebraic sum of the 
AT's for each of the thermoelements equals the AT for the 
for the thermocouple. 

2.2 Investigation of Insulator-Thermoelements 

and Insulator-Sheath Interactions, Sheath Integrity 

and Thermocouple Sensor Performance 

An ultra-high-vacuum, high-temperature furnace sys- 
tem 7 is being used in these investigations. The furnace 
system incorporates many of the features of present day 
vacuum technology. All metal and metal-to-ceramic con- 
struction is utilized throughout, and all components are 
capable of sustaining repeated and extended bakeouts at 

5 The change in the emf-temperature relationship of a thermoelement is defined 
as the emf-temperature relationship of a thermocouple comprised of the thermo- 
element versus an unheated "as received" thermoelement from the same spool (lot) 
of wire, when the reference junctions are maintained at 273.15 K. and the unheated 
"as received" thermoelement is designated as the negative leg of the thermocouple. 

6 Given by the product of the uncertainty in the measurement of the temperature 
and the thermoelectric power of the test thermoelement versus the unheated "as 
received" thermoelement. 

7 Built commercially to NBS specifications. 
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525 K without damage or loss of vacuum integrity. A 
high-speed, ultra-high-vacuum pumping system is em- 
ployed, and facilitates rapid attainment of ultra-clean 
environments. Some of the principal features of the fur- 
nace are illustrated in figures 2 and 3. The furnace has a 
tungsten wire-mesh heating element 6.4 cm in diameter 
by 30.5 cm long, oriented with its central axis vertical. 
It is of single-phase design, having two semicylindrical 
tungsten wire-mesh segments that are connected at the 
bottom through a tungsten ring. Except at the bottom, 
the two segments are separated by a space of about 12 mm. 
The heating element is surrounded by tungsten radiation 
shields formed from 0.125 mm thick tungsten sheet. The 
heating element and shields are enclosed within a water- 
cooled copper coldwall assembly as shown in figure 2. 
The coldwall assembly is mounted within a stainless steel 
vacuum chamber (46 cm in diameter by 78 cm high), 
which is also water-cooled. 
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Figure 3. Principal features of ultra-high-vacuum, high-tempera- 
ture furnace. 

The roughing system, water cooling of stainless steel vacuum chamber, bakeout 
heaters and shroud, gas manifold, partial pressure gas analyzer, and ionization 
gage are not shown. 

The portion of the copper coldwall and radiation shields 
directly above the heating element is removable through 
a 10 cm diam port at the top of vacuum chamber, thus 
providing complete access to the interior of the heating 
element for installing materials and experimental devices 
for test. An optical path is provided through the wire- 
mesh heating element, side radiation shields, and copper 
coldwall for viewing the interior of the heating element 
through a 3.8 cm diam viewing port on the side of the 
vacuum chamber. The view port is equipped with a Corn- 
ing Type 7056 glass window. A stainless steel shutter 
within the vacuum chamber fully covers the view port 
when closed and does not obscure any part of the port 
when open. The shutter is actuated by a direct-drive 
rotary-motion feedthrough that is mounted on the vacuum 
chamber adjacent to the view port. Electrical connections 
between the heating element and a power transformer are 
made through two water-cooled, metal-ceramic sealed elec- 



trodes that extend into the chamber through ports on the 
vacuum chamber. The electrodes also serve to support 
the wire mesh heating element and maintain its electrical 
isolation from the tungsten shields and copper coldwall. 

A sorption pump roughing system and a high speed, 
ultra-high-vacuum pumping system are used to evacuate 
the vacuum chamber. The roughing system, consisting 
of three molecular sieve type sorption pumps mounted on 
a stainless steel manifold, is connected to the vacuum 
chamber through a 3.8 cm bakeable metal-sealed valve. 
The high-speed, high-vacuum pumping system consists of 
a 400 liter/s sputter ion pump and an accessory (three 
filament cartridge type) titanium sublimation pump 
(TSP). 

A cylindrical stainless steel shroud (cryopanel), cooled 
with liquid nitrogen, surrounds the TSP and enhances 
pumping. An optically-dense baffle is installed above the 
TSP and shields the upper chamber region from titanium 
deposition. The pressure within the chamber is measured 
with a nude Bayard-Alpert type ionization gauge. For 
bakeout, ceramic-insulated metal-clad heaters are attached 
to the exterior walls of the vacuum chamber and ion 
pump; these systems are surrounded by an aluminum 
bakeout shroud. The bakeout heater power controls are 
interlocked electrically with pressure and temperature 
sensing controls and permit unattended (automatic) bake- 
out of the chamber and ion pump at 525 K. To aid in 
studies of vacuum degassing of materials, a partial pres- 
sure gas analyzer is mounted on the side of the vacuum 
chamber. It is a cycloidal analyzer, using a crossed elec- 
trostatic and magnetic field, and is capable of mass num- 
ber identifications from 2 to 100 atomic mass units (amu) 
down to pressures of 5 X 10 ~ 12 torr. 

If, after evacuating and baking the system, a gaseous 
environment is desired, high purity gas from a cylinder of 
compressed gas is introduced through a stainless steel 
manifold that is connected to the vacuum chamber by a 
1 cm bakeable all-metal valve. The manifold is of design 
similar to that of the one described in section 2.1. 

Power to the wire-mesh heating element is supplied 
through a 67-kVA Silicon Controlled Rectifier (SCR) type 
proportional power controller and a 47-kVA air-cooled 
stepdown transformer. Input line voltage to the power 
controller is 480 V, 60 Hz, single phase. The temperature 
within the hot zone is controlled by the indirect method of 
controlling the power supplied to the mesh heating 
element. 

For automatically controlling the power at the desired 
level (set point), a closed loop control system is provided. 
The closed loop control utilizes a thermal watt converter 
type power sensor, which in conjunction with a high- 
response electronic controller, feeds back an appropriate 
control signal to the SCR proportional power controller. 
An adjustable set point on the electronic controller per- 
mits selecting a power level with a resolution of better 
than 0.1 percent. The controller has a 20 ms response and 
includes features such as adjustable gain, rate and reset 
time controls. At maximum gain settings, the control 
system has a sensitivity equivalent to about 2 W. The 
power controls are electrically interlocked with other con- 
trols and automatically shut off the heating element power 
if the cooling water flow drops below a safe operating 
level or if the pressure in the vacuum chamber rises above 
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an adjustable preset value. In certain applications, it may 
be advantageous to control directly the furnace hot-zone 
temperature by utilizing the output of a thermocouple 
sensor or an automatic photoelectric pyrometer. This 
type of control is also possible if minor modifications to 
the input circuitry of the electronic controller are made. 

When the furnace is at ambient temperature (no 
power) , base pressures of less than 5 X 10 torr may be 
achieved within 20 h, (including a 10 h bakeout of the 
chamber and the pumping system at 525 K) . The furnace 
is designed to produce hot-zone temperatures to 3000 K 
while maintaining the pressure in the 10 -8 torr range; 
when the furnace chamber is filled with a high-purity 
inert gas or hydrogen gas at a pressure at 1 atm, it is 
designed to produce hot-zone temperatures in excess of 
2700 K. 

At elevated temperatures, the temperature in the hot- 
zone of the furnace responds very rapidly to changes in 
heating element power. Hence, precise automatic control 
of the power provides a reasonably sensitive and repro- 
ducible method for controlling the hot-zone temperature. 
With the furnace chamber filled with 1 atm pressure of 
argon, a temperature stability — over a period of 1000 h 
— of ± 4 K at 2073 K has been achieved. Over a 24 h 
period, the temperature stability has been typically ± 2K 
at 2073 K, and for shorter periods (20 to 30 min), ± 0.5 
K. Temperature stability was ascertained from measure- 
ments made with an automatic photoelectric optical py- 
rometer and with W— 3 percent Re versus W— 25 percent 
Re thermocouples. 

The furnace is presently being used for vacuum degas- 
sing of materials, insulator — W/Re wire interaction 
studies in argon, and testing and evaluating the perform- 
ance of BeO insulated thermocouples. For vacuum 
degassing and processing of sintered BeO tubing, the in- 
sulating parts have been supported in the hot-zone of the 
furnace with a W-Re wire basket that was formed by inter- 
weaving 0.125 and 0.25 mm diam wires. Studies of the 
chemical behavior of W-Re thermocouple wire that is 
insulated with sintered BeO insulating tubing are being 
performed in high purity argon (< 10 ppmv total im- 
purities) at about 1 atm pressure and temperatures in the 
2000 to 2400 K range. For these studies, W-3 percent Re 
and W-25 percent Re wires of 0.25 mm diam are inserted 
into degassed, sintered, double-bore BeO insulating tubing 
of 0.3 mm bore and 1.1 mm o.d. The insulated wire is 
then suspended from the top shield assembly for exposure 
in the hot-zone of the furnace. 

For testing and evaluating the performance of BeO- 
insulated W-Re type thermocouples, a tantalum blackbody 
enclosure is suspended in the hot-zone of the furnace. One 
design that has been used successfully in the 1800 to 2400 
K range is shown in figure 4. The cylindrical tantalum en- 
closure is 2.5 cm in diam by 8 cm long, and has a 0.5 mm 
thick wall and a 1 mm diam blackbody opening. It is sup- 
ported within the furnace hot-zone by a 6.35 mm diam 
tantalum tube that is attached (heli-arc welded) to the top 
shield assembly. This design closely approximates an 
ideal blackbody if the walls of the enclosure are at a uni- 
form temperature. Using calculations derived by DeVos 
1 7 1 , it is estimated that the effective emittance of this 
blackbody enclosure is greater than 0.997. 

Thermocouples for test are inserted through the 6.35 
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Figure 4. Tantalum blackbody enclosure for high-temperature 
furnace. 

mm diam tantalum supporting tube so that their measur- 
ing junctions are within the blackbody enclosure. The 
thermocouple wires lead out of the vacuum chamber 
through metal-glass feedthroughs at the top of the cham- 
ber and the wire exits are sealed with a solvent-free epoxy 
resin. The metal-glass feedthroughs are mounted on a 
15 cm o.d. ultra-high-vacuum (lange that seals to a mating 
flange on the 10 cm diam loading port. 

The temperature of the tantalum blackbody enclosure 
is determined with a visual optical pyrometer, and also 
with an automatic photoelectric pyrometer by sighting on 
the blackbody opening. The pyrometers used in this work 
are of commercial design and are calibrated 8 by relating 
the pyrometer lamp current to the brightness or blackbody 
temperature. In use, the pyrometer lamp current is deter- 
mined by measuring the voltage drop across a ID stand- 
ard resistor in series with the lamp. All voltage measure- 
ments, including the emf's of test thermocouples, are made 
with a precision potentiometer having a limit of error of 
less than ± (0.015% of reading ± 2 /xV), or alternatively 
with a 6 digit digital voltmeter having an absolute voltage 
accuracy of (± 0.004% of reading ± 2 /xV). 

Thus far more than 1200 h of reliable operation in the 
1800 to 2400 K range has been accumulated with the Ta 
blackbody in an argon environment. Two sets of measure- 
ments have been made (in an argon atmosphere) with 
three W— 3 percent Re versus W-25 percent Re thermo- 



8 Calibration performed by Radiation Tin 
Monograph 41 for calibration procedure. 
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couples inserted at different immersion depths in the 
blackbody enclosure. Different thermocouples were used 
for each set of measurements. The measurements indicate 
that the vertical temperature distribution over the central 
5 centimeters of the blackbody enclosure is uniform to 
within about 2 kelvins at temperatures above 1800 K. 
Below 1800 K the temperature distribution becomes pro- 
gressively less uniform, and at 1300 K a temperature gra- 
dient of about 2 K/cm exists over the central 5 centimeters 
of the enclosure. The improved temperature uniformity 
at high temperatures is apparently a result of the increas- 
ing predominance of the radiative heat flux in the system 
as the temperature is increased. 

3. Results and Discussion 
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Figure 5. Change in the em f -temperature relationship of W-3% 
Re and W -25% Re thermoelements from one lot after exposure 
in argon at 2400 K for periods up to 1000 hrs. 

Shaded region indicates range of values obtained for thermoelements exposed for 
1, 50, 100, 250, 500, 750, and 1000 hours. Bars designate the estimated uncertainty 
in measurements at the indicated temperature. 

versus W— 25 percent Re thermocouple wires from the 
same supplier have been examined thus far, and the mag- 
nitude of the initial shift in the thermal emf varies some- 
what between lots. Table 1 gives the changes in the emf- 
temperature relationship (equivalent AT) at 2073 K for 
the thermoelements and thermocouples from the three lots 
after thermal exposure in argon for 1 and 50 h at 2400 K. 
It is noted that the shift for all lots is essentially complete 
after an exposure for 1 h. Further, the thermocouples 
from the three different lots exhibit positive shifts equiva- 
lent to about 0.1 percent, 0.3 percent, and 1 percent at 
2073 K. 

It is well known that commercial W-Re thermocouple 
materials will experience some shift in their emf- 
temperature relationship on initial heating to elevated 
temperatures [5,9] . However, these results clearly demon- 
strate that thermocouple wire can be supplied which will 
exhibit only a very small initial shift (0.1% to 0.2%). 
As with most W-Re thermocouple wire sold in this coun- 
try, the thermocouple materials used in this work were 
thermally conditioned by the supplier with a heat treatment 
that tends to minimize the shift and yet retain desirable 
mechanical properties. 

Many engineering applications require that temperature 
be measured with an accuracy of only a few percent. For 
these applications, the shift in the "as supplied" wire is 

Average change in the emf -temperature relationship (equivalent AT) at 2073 K of the thermoelements and 
thermocouples from three different lots after exposure at 2400 K in argon (1 atm) 

AT in Kelvins 



3.1. Studies Completed 

Studies on the effects of thermal exposure of bare 0.25 
mm diam W-3 percent Re and W-25 percent Re thermo- 
elements in environments of vacuum, argon and hydrogen 
have been completed [8]. In these studies, thermoelements 
were exposed for periods ranging from 1 to 1000 h at 2400 
K in high vacuum (< 1 X 10~ 8 ton) and in high purity 
argon and hydrogen environments (at 1 atm). Some 
tests in vacuum at 2200 and 2600 K were also conducted. 

In the argon and hydrogen environments, both thermo- 
elements typically experienced a change (shift) in their 
emf-temperature relationship during the first hour of 
exposure at 2400 K. Subsequent exposure for periods up 
to 1000 h was found to produce no further significant 
changes (drift) in the emf-temperature relationship. 
Typical curves showing the change in the emf-temperature 
relationship of W-3 percent Re and W-25 percent Re 
thermoelements after exposure in argon at 2400 K for 
periods of 1, 50, 100, 250, 500 , 750, and 1000 h are given 
in figure 5. The changes all fell within the shaded region, 
and no trend of the data with increasing exposure time 
was apparent. Similar results were obtained with thermo- 
elements from the same wire lots after being exposed in 
hydrogen at 2400 K, except that the shift in the emf- 
temperature relationship of W— 3 percent Re thermoele- 
ment averaged slightly less (about 120 /xV at 2073 K). 
In the case of W— 25 percent Re thermoelement there was 
no discernible difference between the argon and hydrogen 
results. 

Three different lots of 0.25 mm diam W-3 percent Re 
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sufficiently small so that its effects may be neglected, and 
no special aging of the wire by the user is necessary. 
Furthermore, in typical thermocouple applications, high 
temperature exposure of the thermocouple will result in 
thermocouple wire that is not fully thermally conditioned 
along its entire length. For a given wire lot, the shift 
would then, in general, be less than the shift reported 
here. Nevertheless, the occurrence of such shifts tends 
to restrict the accuracy obtainable. For those cases where 
the ultimate in performance and accuracy is desired, addi- 
tional thermal aging to eliminate the shift will probably 
prove desirable. This can be accomplished in such a 
manner that afterwards, the wires will possess sufficient 
room temperature ductility for fabrication purposes. 
Closer control of the thermal conditioning process in order 
to minimize the shift in the "as supplied" wire has been 
recently reported by one supplier [10]. 

Exposure of the bare thermoelements in high vacuum 
(< 1 X 10" 8 torr) at temperatures above 2200 K results 
in a continual change (drift) in their emf-temperature 
relationship. Changes that occurred in the emf- 
temperature relationship of the thermoelements after ex- 
posure for periods of 50, 250, and 500 h at 2400 K are 
given in figures 6 and 7. The drift in the emf-temperature 
relationship of the thermoelements in high vacuum is 
strongly dependent upon the temperature of exposure. At 
2600 K, an exposure of only 50 h produces about the 
same drift as an exposure of 500 h at 2400 K, while at 
2200 K the drift after exposure for 500 h is negligible. 

The drift in the emf-temperature relationship of both 
thermoelements in high vacuum has been shown to be the 
result of a preferential loss of Re from the alloys by evapo- 
ration. This was confirmed by electron probe micro- 
analysis of the exposed thermoelements. Hence, any 
processing of the bare thermoelements in vacuum should 
be confined to temperatures of 2200 K or below to avoid 
changes in alloy composition. Furthermore, bare-wire 
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Figure 6. Change in the em j -temperature relationship of W-3% 
Re thermoelements from one lot after thermal exposure for 50, 
250, and 500 h at 2400 K in vacuum ( < 1 X 10~ 8 torr). 
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Figure 7. Change in emf-temperature relationship of W-25% Re 
thermoelements from one lot after thermal exposure for 50, 250, 
and 500 h at 2400 K in vacuum f<iX 10~ 8 torr). 
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W-3 percent Re versus W-25 percent Re thermocouples 
could be expected to drift in calibration with use in high 
vacuum at temperatures above 2200 K. However, since 
the conditions and methods of exposure for thermocouples 
in actual use are different from those in the present 
studies, the results presented are only considered as indica- 
tive of expected material behavior and are not generally 
valid for predicting the magnitude of the drift for thermo- 
couples in actual use. These results indicate that the 
thermal emf of a bare-wire thermocouple will decrease 
with exposure in high vacuum at 2400 K or above, due 
primarily to the preferential loss of Re from the W-25 
percent Re thermoelement. At 2400 K, the rate of change 
in the calibration might typically be on the order of a 
few tenths kelvin per hour. 

3.2. Current and Planned Studies 

Work now in progress includes studies to establish 
suitable time-temperature parameters for thermally condi- 
tioning W-3 percent Re and W-25 percent Re thermo- 
couple wire before use. Tests to evaluate the bare thermo- 
elements in high purity helium and nitrogen environments 
at 2400 K are also being performed. In addition, the be- 
havior and performance of other commercially available 
W-Re type thermocouples (W-5% Re versus W— 26% Re 
and W versus W-26% Re) are being investigated. 

In progress also are studies with high purity (> 99.8%) 
sintered double-bore beryllium oxide insulating tubing in 
the 2000 to 2400 K range. Preliminary results have indi- 
cated that material transport from the W-Re thermoele- 
ments to the inner bore of BeO tubing may occur in a 
high purity argon environment if the insulating tubing is 
not well degassed prior to use. In some cases, poor 
degassing technique has resulted in chemical reactions 
between the BeO and W-Re thermoelements. However, 
there are indications that, if the BeO insulating tubing is 
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first well degassed, the insulator-thermoelement material 
incompatibility problems will be negligible during subse- 
quent use in high purity inert environments in the tempera- 
ture range of interest. Tests are in progress with BeO in- 
sulated W— 3 percent Re versus W-25 percent Re thermo- 
couples in argon to establish the long term stability and 
behavior of this combination. The results of these studies 
will be reported in subsequent papers. 

Studies will begin within the next year to evaluate Ta 
sheath performance, sheath-BeO insulator interactions, 
and the capabilities and behavior of fully sheathed thermo- 
couple sensors. 
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